-1 , referred to the original solid sample, and the regression coefficients obtained were greater than 0.998. The calculated detection limit was 0.01 µg g -1 , low enough to satisfactory analysis of TBZ in real samples. Mean recoveries were about 70 % at different concentration levels with RSDs always ranged below 15% in all the cases.
Introduction
In recent years, great developments in the analytical chemistry field have been produced, especially in those areas referred to analytical instrumentation. Typically, target analytes are determined by chromatographic techniques coupled to common detectors (e.g., UV, fluorescence) or, more recently, mass spectrometry (MS) or tandem MS. However, even when using the selective detection provided by MS, direct injections of crude sample extracts are not recommended since matrix components can inhibit or enhance the analyte ionization, hampering accurate quantification. Thus, samples need to be subjected to some previous treatment in order to isolate, in certain extent, the analytes from sample matrix to a medium compatible with the selected instrumentation for final determination.
Sample preparation is still considered the bottleneck of the whole analytical process and impacts nearly all the later steps in the analytical process, as it is critical for unequivocal identification, confirmation and quantification of analytes. Traditional liquid-liquid extraction (LLE) does not fulfill current requirements in sample preparation and it has been displaced from laboratories in recent years by new extraction techniques such as solid-phase extraction (SPE), solid-phase microextraction (SPME), stir-bar sorptive extraction (SBSE), and, more recently, matrix solid-phase dispersion (MSPD), micro SPE (MSPE) or liquid-phase microextraction (LPME) [1] . However, all of these techniques suffer from lack of selectivity, which might prevent reaching the detection limits required by current legislations.
Molecularly imprinted polymers (MIPs) are synthetic materials with artificially generated recognition sites able to rebind a target molecule specifically in preference to other closely-related compounds. MIPs are obtained by polymerizing functional and cross-linking monomers Abstract: In this paper, the improvement over a novel format for selective solid-phase extraction based on a molecularly imprinted polymer (MIP) is described. A small amount of MIP has been synthesized within the superficial pores of commercial polyethylene (PE) frits and attached to its surface using benzophenone (BP), a photo-initiator capable to start the polymerization from the surface of the support material. Key properties affecting the obtainment of a proper polymeric layer, such as polymerization time and kind of cross-linker were optimized. Prepared composite material was applied to the SPE of TBZ in real samples extracts, showing an impressive clean-up ability. Calibrations showed good linearity in the concentration range of 0.05-5.00 µg g around a template molecule. Once polymerization has taken place, the template molecule is extracted and binding sites with shape, size and functionalities complementary to the target analyte are established. Such properties made MIPs to be considered ideal materials in Analytical Chemistry [2] . The use of MIPs as selective sorbent materials allows customized sample treatment prior to the final determination. Their use in SPE, so-called molecularly imprinted SPE (MI-SPE), is by far the most advanced technical application of MIPs [3] [4] [5] . Besides, recent years have seen a growing interest in the combination of MIPs with other sample-preparation techniques such as SPME [6] [7] [8] [9] [10] , SBSE [11] [12] [13] and MSPD [14, 15] , which highlight the adaptability of MIPs to almost any extraction technique.
However, molecular imprinting technology is not exempt from certain limitations related to the low mass transfer observed. In this regard, some in-situ polymerization strategies have been explored in order to improve such limitations. Horváth's group has proposed the in-situ synthesis of MIPs, into a cartridge, on the surface of microfiltration glass-fiber membranes in multiwell filter plates [16] [17] [18] . Obtained results demonstrated that this approach is a cost effective, one-step procedure for preparing MIP-composite membranes and offers a viable alternative to existing MI-SPE cartridges. Its weakest point is the low breakthrough volumes observed (<1 mL) which, although perfectly suits sample pretreatment of biological samples, limits environmental samples from the possible applications. A similar approach was recently proposed by our group [19] for the synthesis of MIPs grafted onto porous polyethylene (PE) frits, which were then placed inside glass tubes for the SPE and clean-up of thiabendazole (TBZ) from real citrus samples. An impressive clean-up ability of the synthesized composite material was observed allowing the analysis of TBZ in the range of concentrations permitted in real samples according to the European legislation. However, the specific binding capacity was rather low leading to recoveries of around 20 %, which limits its use to certain applications.
Keeping these comments in mind, and with the aim of increasing the specific capacity of MIP-frits, a new strategy of polymerization was explored and described fully in this paper. TBZ was used again as model compound for comparative purposes with previous work [19] .
Experimental

Chemicals and materials
Thiabendazole (TBZ), methacrylic acid (MAA), ethylene glycol dimethylacrylate (EGDMA), trimethylolpropane trimethacrylate (TRIM) and benzophenone (BP) were obtained from Sigma-Aldrich (Madrid, Spain). MAA was purified by distillation under reduced pressure. EGDMA and TRIM were freed from impurities using an inhibitor remover disposable column from Sigma-Aldrich. HPLCgrade toluene, water, acetonitrile (ACN) and methanol (MeOH) were purchased from Scharlab (Barcelona, Spain). Acetic acid (HOAc) was obtained from Panreac (Barcelona, Spain).
Polyethylene frits (20 µm porosity) for use with 6 mL SPE glass tubes were purchased from Supelco (Bellefonte, PA, USA).
Polymerization procedure
The polymerization procedure is schematically depicted in Fig. 1 . First, a 100 mM solution of BP in MeOH was prepared. PE frits, which had been previously weighed, were placed at the bottom of 2 mL glass well plates and 100 µL of BP solution were added in order to wet the frit completely for 15 min. Next, with the wetted frits , 200 µL of polymerization mixture, whose composition is shown in Table 1 , were added and immediately polymerization was carried out by UV-irradiation at 15°C for 3 h. The temperature was controlled by a thermostatic laboratory fridge, and irradiation was by means of a UV lamp VL-6-L (Vilbert Lourmat, Marnee La Valle, France) placed at 2 cm from the frits. After polymerization, the template was removed from the imprinted frit (frit-MIP) by ultrasonic assisted extraction. Briefly, the frit-MIP was placed at the bottom of SPE glass tubes and 8 mL of a MeOH:HOAc acid mixture (50:50, v/v) was added. Then, the SPE tubes were immersed in the ultrasonic water bath to perform four consecutive extraction cycles of 15 min at 60 ºC. After template extraction, frit-MIPs were washed with MeOH and ACN, dried and stored at ambient temperature for further use.
Standard solutions
The corresponding stock standard solution of TBZ (0.5 g L -1 ) was prepared in ACN and stored at -22 ºC in the dark. Dilutions were made from the original solution at the required concentration levels.
Extraction of TBZ in citrus samples
Citrus fruits were purchased in local stores. The sample preparation was adapted from the published procedure elsewhere [20] . A representative portion of sample was chopped and homogenized. Then, ACN (15 mL) was added to 5 g of homogenized sample placed in a glass tube with a screw cap, which was subjected to vigorous agitation (1000 rpm) in a Vibramax 100 orbital agitator (Heidolph, Kelheim, Germany) for 15 min. Thereafter, the supernatant was filtered through a 0.45 µm membrane filter. Each mL of sample extracts was evaporated and the residue was re-dissolved either in 0.5 mL of the same solution used as mobile phase in the chromatographic separation, or 1 mL of toluene if the extracts were cleaned with the MIP-frit. When required, reconstituted extracts were spiked with a standard solution of TBZ at an appropriate level of concentration either prior to the injection in the HPLC equipment or before passing through the cartridge containing the frit-MIP.
Clean-up procedure
As mentioned above, sample extracts were evaporated and redissolved in toluene, which was selected as the optimum loading solvent. As it is shown in Fig. 1 , prepared MIP-frits were placed in 6 mL glass columns commonly used in SPE, and these were placed in a vacuum manifold (Supelco). Conditioning of MIP-frits was carried out by passing 3 mL of toluene followed by two additional 0.5 mL fractions of the same solvent, before loading 0.5 mL of toluene extract. After 5 min, the sample extract was passed through the cartridge by gravity. Then, 0.5 mL of a toluene:MeOH mixture (95:5, v/v) were added for the elimination of those compounds interacting non-specifically with the modified frit. Subsequently, the washing solvent was removed under vacuum from the polymer. TBZ was finally eluted using 0.5 mL of MeOH:HOAc (95:5, v/v), which were collected under vacuum after 5 min. The eluted extract was evaporated and re-dissolved in 0.25 mL of the solution used as mobile phase.
Chromatographic analysis
The evaluation of the extraction and clean-up procedures was carried out by HPLC using an Agilent 1100 Series HPLC instrument (Agilent Technologies, Wilmington, DE) equipped with a gradient pump, an autosampler and a fluorescence detector (G1321, Agilent Technologies). A Zorbax Eclipse XDB-C8 analytical column (5 µm particle size, 4.6 mm x 150 mm) from Agilent Technologies was used. Instrument was operated in isocratic mode by passing a mobile phase consisting of MeOH:water (70:30, v/v) at 0.6 mL min −1 flow rate. Chromatograms were obtained by injecting a fixed volume (25 µL during the optimization and 100 µL for the evaluation of the analytical performance) of extracts 
Results and discussion
Preparation of imprinted frits
The aim of this study is to improve the surface fuctionalization of PE frits to be used for selective recognition of TBZ in a simple filtering device in order to isolate the analyte from undesired matrix compounds. In this regard, a small amount of MIP has been grafted to the surface of polyethylene frits preventing to modify significantly the porosity of the frit. Based on previous studies [19] , MAA was chosen as functional monomer due to its suitability of interacting with a basic template (TBZ) and thus favoring the formation of the pre-polymerisation complex. Besides, a mixture of toluene:MeOH (1:1, v/v) was selected as an appropriate reaction media since toluene is an ideal solvent to promote the formation of template-monomer complex and the subsequent formation of imprinted selective binding sites. Moreover, the presence of MeOH in the porogen contributed greatly to the dissolution of all components of the polymerization mixture.
As mentioned above, the modification of the polyethylene (PE) frit surface with the MIP must be restricted to a thin film on the PE surface without blocking the membrane pores. In this regard, it has been demonstrated that BP is a suitable photo-initiator to promote graft polymerisation onto PE surfaces [21] . Under these conditions, the PE acts as co-initiator and UV irradiation creates starter free radicals for a graft copolymerisation on the PE surface.
Besides the functional monomer, the porogen and the initator, a suitable cross-linker contributes to determine the properties of the polymer. For this reason, EGDMA and TRIM were tested as cross-linkers in the polymerization mixture. The ratio between the template, the functional monomer and the number of double bonds present in the crosslinker was kept constant during polymerization, which was carried out by UV irradiation for 2, 3 or 4 h after wetting PE frits with 100 µL of initiator (lower volumes were not able to wet the frits completely) and 100 µL of polymerization mixture. After polymerization, modified frits (both MIPs and NIPs) were evaluated by SPE following a simple procedure including loading of 500 µL of a 200 µg L -1 TBZ standard solution, drying for 15 min, and elution with 4 x 500 µL of MeOH:HOAc (95:5, v/v) solution.
Results showed an important increase on the obtained recoveries when the polymerization time is increased up to 3 h, keeping almost constant for frits prepared for 4 h. Under these conditions, the recoveries obtained using MIP-frits were about 65 % regardless the cross-linker used whereas recoveries were 33 and 12 % after SPE using NIPfrits based on TRIM and EGDMA, respectively. Accordingly, due to the lower unspecific interactions observed, EGDMA was selected as optimum cross-linker and used in further experiments.
In order to improve recoveries, which are full related to the amount of polymer grafted on the PE frits, different polymerization mixture volumes were assayed ranging from 100 to 300 µL. From this study, it was observed that for volumes larger than 200 µL the polymerization was not complete, however using 200 µL the recovery obtained using MIP-frits raised to about 75 % keeping almost constant the recovery obtained using NIP, and thus such polymerization mixture volume was chosen as optimum. Figure 2 shows scanning electron micrographs of a PE frit ( Figure 2A ) and a MIP-frit ( Figure 2B ) obtained under optimum polymerization conditions. It is clear that the presence of polymer aggregates spreaded throughout the PE frit surface without significantly affecting its macroporous structure. 
SPE optimization using imprinted frits
The use of ACN and toluene as loading solvent was evaluated in order to maximize the retention of TBZ by the MIP, and maintaining the minimum retention in NIP. A volume of 0.5 mL of a solution in ACN or toluene containing 100 ng of the selected analyte was added to the modified PE frits. Afterwards, 0.5 mL of the same solvent was used to wash the polymers. When loading with ACN, the recovery of TBZ after SPE using the MIP was about 37% whereas it was negligible using the NIP, suggesting that part of the interactions between the analyte and the imprinted polymer were specific. However, when loadings were performed with toluene solutions, the recoveries obtained using MIP-frits and NIP-frits were 72 and 18 %, respectively. Such high recovery in MIP demonstrated clearly the suitability of toluene as loading solvent and it was chosen as optimum for further experiments.
In order to reduce non-specific interactions, different mixtures of toluene:MeOH were assayed as washing solvents. From this study, it was concluded that a mixture of toluene:MeOH (95:5, v/v) was slightly able to reduce non-specific interactions (recovery using NIPfrits dropped down to 10%) keeping almost unaltered the recovery obtained using MIP-frits.
It is important to stress that such recovery, close to 75 %, of TBZ using MIP-frits, synthesized according to the new polymerization strategy proposed in this work, is much higher to that obtained in our previous work which was around 20 % [19] . The previous polymerization procedure was restricted to the pores of the polyethylene frits, which, although the selectivity obtained was very satisfactory, the limited amount of MIP contained in the frits resultedin low recoveries (20%), makes necessary working with internal calibration. With the improved procedure presented in this manuscript, this problem has been overcomed completely. The amount of polymer and thus selective binding sites has been considerably increased, leading to the obtainment of quantitative recoveries in the same concentration range clearly demonstrates the suitability of the new polymerization method for the determination of TBZ in citrus samples.
Analytical performance and application to real samples
The prepared imprinted frits were applied to clean-up spiked extracts of TBZ from real citrus samples and its analytical performance was also studied. Citrus fruit peel was selected as matrix samples because of the greater probability of finding TBZ. ) standard solution (Fig. 3A) , a raw orange peel extract (Fig. 3B) and an orange peel extract cleaned by passing through an imprinted frit (Fig.  3C) . It clearly shows the impressive clean-up ability of the synthesized composite material. It is observed that almost all the matrix compounds were not retained by the frit-MIP, whereas a well-defined peak to baseline corresponding to TBZ is present in the chromatogram.
Calibration was performed in triplicate using three different MIP-frits, by injection of a fixed volume of extracts obtained from spiked samples in the concentration range of 0.05-5.00 µg g -1 , referred to the solid sample, into the analytical column. Calibrations showed good linearity, and the regression coefficients obtained were greater than 0.998. The detection limit, calculated as three times the average signal of the background noise obtained in the analysis of six blank orange peel samples at the corresponding retention time, was 0.01 µg g -1 , low enough to permit the satisfactory analysis of TBZ in real samples.
The repeatability was studied in terms of relative standard deviation (RSD) of the recoveries obtained at two different spiking concentration levels (0.5 and 5 µg g -1 ) using frit-MIPs from different batches. Mean recoveries were about 70 % at both concentration levels with RSDs always ranged below 15%. These data indicate that modified frits show acceptable repeatability. It is noteworthy that the recoveries obtained for extracts of real samples were similar to those obtained with toluene standards.
Conclusions
In this paper, a novel format of surface imprinting has been described. A small amount of MIP has been grafted on the superficial pores of commercial PE frits following a simple methodology, and thus conferring them selective recognition capability. Modified PE frits showed excellent selectivity to the target analyte in toluene media.
The binding capacity of a single imprinted frit was suitable for the analysis of TBZ in the range of concentrations permitted in real samples according to the European legislation with recoveries around 4 times higher to those obtained in previous work. Working under convenient conditions, imprinted frits were capable of retaining the target analyte specifically, isolating it from the rest of matrix compounds. ) standard solution (A), a raw orange peel extract (B) and an orange peel extract cleaned by passing through an imprinted frit (C).
